v-Crk induces cellular tyrosine phosphorylation and transformation of chicken embryo fibroblasts (CEF). We studied the molecular mechanism of the v-Crk-induced transformation. Experiments with Src homology (SH)2 and SH3 domain mutants revealed that the induction of tyrosine phosphorylation of cellular proteins requires only the SH2 domain, but both the SH2 and SH3 domains are required for complete transformation. Analysis of three well defined signaling pathways, the mitogen-activated protein kinase (MAPK) pathway, the Jun N-terminal kinase (JNK) pathway, and the phosphoinositide 3-kinase (PI3K)͞AKT pathway, demonstrated that only the PI3K͞AKT pathway is constitutively activated in v-Crk-transformed CEF. Both the SH2 and SH3 domains are required for this activation of the PI3K͞AKT pathway in CEF. We also found that the colony formation of CEF is strongly induced by a constitutively active PI3K mutant, and that a PI3K inhibitor, LY294002, suppresses the v-Crk-induced transformation. These results strongly suggest that constitutive activation of the PI3K͞AKT pathway plays an essential role in v-Crk-induced transformation of CEF.
v
-Crk, an oncogene product of avian sarcoma virus CT10, efficiently transforms chicken embryo fibroblasts (CEF) (1) . It is comprised of a viral Gag sequence fused to Src homology (SH)2 and one of the two SH3 domains of c-Crk (2, 3) . v-Crk is the earliest identified member of the adaptor protein family having primarily SH2 and SH3 domains, and it is now well established that these domains mediate many protein-protein interactions and play pivotal roles in signal transduction (4, 5) . The v-Crk SH2 domain binds phosphorylated tyrosine residues of proteins such as p130 Cas and Paxillin, and the v-Crk SH3 domain binds proline-rich sequences of several proteins, including c-Abl, C3G, SOS, and DOCK180 (5, 6) . Although the basic nature of the protein-protein interactions mediated through these domains has been well characterized, the precise mechanism by which v-Crk transmits oncogenic signals is not understood.
One of the most interesting features in v-Crk-induced cell transformation is the elevated level of tyrosine phosphorylation of several signaling molecules, such as p130 cas and Paxillin, although v-Crk itself has no catalytic tyrosine kinase domain (5, 6) . It has been hypothesized that v-Crk somehow regulates endogenous tyrosine kinases and induces tyrosine phosphorylation of signaling molecules and thereby leads to transformation (1) . Our earlier studies with SH2 and SH3 domain mutants demonstrated that both domains were required for the induction of tyrosine phosphorylation, and that there was an absolute correlation between the increased tyrosine phosphorylation level and the cell transformation (7) . However, this conclusion seemed to be somewhat premature because the levels of expression of these mutants were lower than those of the wild type.
In this study, we reexamined the activity of v-Crk SH2 and SH3 mutants in CEF to clarify the role of each domain in cell transformation by using a newly developed mouse-avian chimeric retroviral vector system in which the expression levels of each mutant were comparable to those of wild type. Moreover, we analyzed three well defined signaling pathways: the Jun N-terminal kinase (JNK) pathway, the mitogen-activated kinase (MAPK) pathway, and the phosphoinositide 3-kinase (PI3K)͞ AKT pathway, for the elucidation of the downstream signal(s) critical in the cell transformation induced by v-Crk.
Materials and Methods

Construction of Retroviral Vectors Expressing v-Crk Mutants And
Other Expression Vectors. pCXbsr, a Moloney murine leukemia virus (MuLV)-based retroviral vector plasmid, was constructed with a chimeric 5Ј long terminal repeat in which the Moloney MuLV enhancer was replaced by a human cytomegalovirus immediate-early enhancer, and the Blasticidin S resistance gene (bsr) was inserted after the internal ribosome entry site of encephalomyocarditis virus as a selectable marker (Fig. 1A) . pCXneo had a neomycin resistance gene (neo) instead of bsr. The complete sequences of pCXbsr and pCXneo have been submitted to the GenBank database under the accession nos. AB041927 and AB041928, respectively. Wild-type (WT) and mutated v-crk were subcloned into the BamHI-NotI site of pCXbsr by attaching appropriate linkers at both ends. v-Crk mutants used are as follows (Fig. 1 A) . R273N is an SH2 point mutant in which the Arg at position 273 was changed to Asn (7) . The Arg 273 is highly conserved within all known SH2 domains. BSP is an SH3 insertional mutant with a four amino acid insertion at position 386 in the N-terminal part of SH3 (7). W405K is an SH3 point mutant in which the Trp at position 405 was changed to Lys. The Trp 405 is absolutely conserved among all known SH3 domains (8) . N273͞K405 is an SH2 and SH3 double mutant having both R273N and W405K mutations. CCSv is an SH3-swapped mutant in which the v-crk-SH3 domain was swapped with the v-src-SH3 domain (9) . We confirmed that all of the mutations indeed disrupted the function of each respective domain of v-Crk. For the tetracycline-inducible expression system, pCXneo͞TR-2 was constructed by inserting the tetR gene from pcDNA6͞TR (Invitrogen) into the BamHI-HpaI site of pCXneo, and pCXbsrR(TO͞v-Crk WT) was constructed by inserting the WT v-crk cDNA linked after the T-Rex promoter from pcDNA4͞TO (Invitrogen) into the HpaI-NotI site of pCXbsr in an antisense orientation to the vector.
An expression vector for Rous sarcoma virus (RSV) envelope glycoprotein (env), pcDNA3͞RSV-env, was constructed by inserting the 1.8-kb SacI fragment from pLC32 (10) containing the RSV env cDNA into the EcoRV-XbaI site of pcDNA3 (Invitrogen) after attaching appropriate linkers at both ends.
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A retroviral vector expressing a constitutively active mutant of PI3K BD110 (11), which was provided by Y. Fukui (University of Tokyo), was constructed by inserting the entire coding region of BD110 into pCXneo.
Production of Mouse-Avian Chimeric Retroviruses. Retroviral vector plasmids made with pCXbsr were cotransfected with pcDNA3͞ RSV-env into BOSC23 (12) , an ecotropic MuLV packaging cell line, by using Fugene6 (Boehringer Mannheim) according to the manufacturer's directions. At 2 days after the transfection, culture supernatants were collected and used as viral stocks.
Culture, Infection, and Soft-Agar Colony Assay of CEF. CEF were prepared and maintained essentially as described previously (13) . Infection of CEF was carried out by adding the filtered culture supernatants from transfected BOSC23 cells supplemented with 6.25 g͞ml DEAE-dextran. At 2 days after the infection, drug selection of infected CEF was started, and the selected drug-resistant populations were used for all of the experiments. For tetracycline-inducible expression of v-Crk, CEF were dually infected with CXneo͞TR-2 and CXbsrR(TO͞ v-Crk WT). For the soft-agar colony formation assay, 5 ϫ 10 4 infected CEF were plated per 6-cm culture dish as a suspension in 3 ml of DMEM containing 10% calf serum and 0.4% agar on a layer of 5 ml of the same medium containing 0.7% agar. Plates were incubated at 37°C for 3-4 weeks until colonies were formed.
Protein Analysis. Immunoblotting and immunoprecipitation were performed as described previously (14) . Anti-p19 gag mouse monoclonal antibody 3C2 (15) was provided by D. Boettiger (University of Pennsylvania, Philadelphia). Anti-phosphotyrosine mouse monoclonal antibody 4G10 was purchased from Upstate Biotechnology. Anti-phosphotyrosine rabbit polyclonal antibody was purchased from Zymed. Anti-JNK1 rabbit polyclonal antibody was purchased from Santa Cruz Biotechnology. Anti-phospho-SAPK͞JNK (Thr183͞Tyr185) mouse monoclonal antibody, anti-Akt rabbit polyclonal antibody, and anti-phosphoAkt(Ser473) rabbit polyclonal antibody were purchased from New England Biolabs. Anti-c-Jun mouse monoclonal antibody was purchased from Transduction Laboratories (Lexington, KY). Anti-phospho-c-Jun (Ser63) rabbit polyclonal antibody was purchased from Calbiochem. Anti-MAPK rabbit polyclonal antibody was purchased from Promega. Anti-activated MAPK (diphosphorylated ERK1 and -2) mouse monoclonal antibody was purchased from Sigma.
Results
Establishment of an Efficient Retroviral Vector System for CEF. Because v-Crk efficiently transforms CEF but not rodent fibroblasts (1, 16, 17) , CEF seemed to be the most suitable cell system for the analysis of v-Crk-induced transformation. Therefore, we first attempted to establish an efficient helper-free retroviral vector system for CEF by modifying the well established murine retroviral vector system. We cotransfected the MuLV-based retroviral vector with the RSV env expression vector into the murine retrovirus packaging cell line BOSC23, and successfully produced chimeric viruses with both MuLV-env and RSV-env, which can infect not only mouse cells but also chicken cells. After optimizing the infection conditions, we finally obtained a greater than 50% infection efficiency for CEF (data not shown). By using this system, we infected CEF with various v-crk mutants to analyze the roles of the SH2 and SH3 domains in transformation. We used one SH2-deficient mutant (R273N), two SH3-deficient mutants (W405K and BSP), one SH2 and SH3 double mutant (N273͞K405), and one mutant in which Crk SH3 was replaced by Src SH3 (CCSv) (Fig. 1 A) . Cells infected with these mutants were subjected to drug selection, and the selected populations then were used for all of the subsequent experiments.
Only the SH2 Domain Is Essential for the Induction of Protein Tyrosine
Phosphorylation by v-Crk. First, we checked the expression of v-Crk protein in CEF infected with various mutants by immunoblotting and confirmed that most of the mutants were expressed at levels comparable to the WT levels (Fig. 1B) . Next, we examined the state of tyrosine phosphorylation of cellular proteins by anti-phosphotyrosine immunoblotting (Fig. 1C) , and found that whereas the three SH3 mutants (BSP, W405K, and CCSv) induced tyrosine phosphorylation at almost the same level as WT, the SH2 mutant (R273N) and the double mutant (N273͞W405K) did not. The association of tyrosine-phosphorylated proteins with v-Crk was analyzed by anti-Gag immunoprecipitation followed by anti-phosphotyrosine immunoblotting. All of the three SH3 mutants were shown to be similar to WT with respect to its association with most of the tyrosinephosphorylated proteins detected in these cells (Fig. 1D, lanes 4 , 5, and 7). We confirmed that the 130-kDa band corresponded to p130 Cas and the 66-kDa band corresponded to Paxillin by immunoblotting with each specific antibody (data not shown). These results clearly show that although the SH2 domain is essential for the induction of tyrosine-phosphorylation of some signaling molecules, and for the association with these proteins, the SH3 domain is not necessary.
Both the SH2 and SH3 Domains Are Required for Cell Transformation by v-Crk. Next, we compared the transforming activities of these mutants by soft-agar colony formation assay. The transforming activities of SH3 mutants were severely impaired. The numbers of colonies formed by CEF infected with SH3 mutants were about 1͞6 to 1͞10 of those formed by CEF infected with WT ( Fig. 2A) , and also the size of the colonies formed by SH3 mutant-infected cells were much smaller than those formed by WT-infected cells (Fig. 2B) . No colony was found in CEF expressing the SH2 mutant or double mutant. These results indicate that both the SH2 and SH3 domains are essential for the complete transformation induced by v-Crk.
The PI3K͞AKT Pathway Is Activated in v-Crk-Transformed CEF. To clarify the downstream signal(s) critical for the transformation by v-Crk, we investigated three well defined signaling pathways: the JNK pathway, the MAPK pathway, and the PI3K͞AKT pathway.
First, we examined the JNK pathway, because there are several lines of evidence that indicate that Crk activates JNK (18, 19) . We analyzed the activation state of endogenous JNK proteins by immunoblotting with antibody specific for JNK phosphorylated both at Thr183 and Tyr185 (P-JNK), which represents the activated state of JNK (20) . Although phosphorylated JNKs clearly were detected in the positive control anisomycin-treated cells, there was no significant difference between v-Crktransformed CEF and vector control cells (Fig. 3A, first panel) . We further analyzed the phosphorylation state of endogenous c-Jun by immunoblotting with the antibody specific for c-Jun phosphorylated at Ser63 (P-c-Jun). Again, although the strongly phosphorylated c-Jun was detected in the positive control anisomycin-treated cells, there was no significant difference between v-Crk-transformed CEF and vector control cells (Fig. 3A, third panel). Thus, we concluded that there was no evidence of endogenous JNK activation in the v-Crk-transformed CEF.
By using the same strategy as that for the study of JNK, we examined the MAPK pathway by immunoblotting with antibody specific for MAPK phosphorylated at Thr202 and Tyr204 (P-MAPK), which represents the activated state of MAPK (21) . As expected, MAPK was activated on serum stimulation in both control and v-Crk-transformed CEF. However, we could not find any evidence of such activation in v-Crk-transformed CEF (Fig. 3B) .
Next, to examine the PI3K͞AKT pathway, we analyzed the activation state of endogenous AKT protein in v-Crktransformed CEF by immunoblotting with antibody specific for AKT phosphorylated at Ser473 (P-AKT), which represents the activated state of AKT (22) . There was a significant difference between the results in v-Crk-transformed CEF and vector control cells. Although phosphorylated AKT was detected only after serum stimulation in vector control cells, it was detected readily even before serum stimulation in v-Crk-transformed CEF (Fig.  3C ). This marked difference in AKT phosphorylation was detected even in cells maintained in the medium containing serum (data not shown). These results clearly show that AKT is constitutively activated in v-Crk-transformed CEF. This constitutive activation of AKT was detected only in WT v-Crkexpressing cells and not in SH2-or SH3-mutant-expressing cells (Fig. 4A) , indicating that both the domains are required and that AKT phosphorylation is closely correlated with transformation.
To further confirm their direct relationship, we established a tetracycline-inducible expression system of v-Crk in CEF (Fig.  4B) . In this system, 24 h after the addition of doxycycline, a tetracycline derivative, v-Crk protein expression was strongly induced (Fig. 4B, Bottom) . Accompanying this induction, phosphorylation of AKT also was induced (Fig. 4B, Top) . These results strongly suggest the assumption that AKT phosphorylation is a direct effect of v-Crk expression.
Although it is well established that AKT phosphorylation is a downstream effect of PI3K activation, there are several instances of PI3K-independent activation of AKT (23) . Therefore, we examined whether v-Crk-induced AKT phosphorylation actually is mediated by PI3K by testing the effects of PI3K inhibitors. As shown in Fig. 4C , LY294002 and wortmannin, two well known PI3K inhibitors, at concentrations supposed to be specific for PI3K (24, 25) , almost completely suppressed the v-Crk-induced AKT phosphorylation. This finding clearly shows that v-Crkinduced constitutive phosphorylation of AKT is mediated by PI3K and that PI3K is constitutively activated in v-Crktransformed CEF, which is consistent with our previous finding of the association of active PI3K with v-Crk (26) .
To test whether the constitutive activation of PI3K is sufficient for the transformation of CEF, we introduced a constitutively active mutant of PI3K, BD110 (11), into CEF and examined its transforming activity by soft-agar colony formation assay. As shown in Fig. 5A , BD110 strongly transformed CEF, which is consistent with the recent identification of a p110 PI3K catalytic subunit as an oncogene of ASV16 avian sarcoma virus (27, 28) . Moreover, as shown in Fig. 5B , we found that the soft-agar colony formation of CEF induced by v-Crk was significantly suppressed by the addition of a PI3K inhibitor LY294002. All of these results strongly suggest that constitutive activation of the PI3K͞AKT pathway plays a major role in the v-Crk-induced transformation of CEF.
Discussion Enhanced Cellular Tyrosine Phosphorylation Is Not Sufficient for
Transformation by v-Crk. Cells transformed by v-Crk exhibit elevated levels of tyrosine phosphorylation of several cellular proteins (1) . In a previous study, we concluded that both SH2 and SH3 mutants were unable either to activate the tyrosine phosphorylation of cellular proteins or to induce cell transformation (7) . In the present study, however, we found that v-Crk SH3 mutants are able to induce tyrosine phosphorylation to almost the same extent as found in WT, yet the cell transformation was severely impaired. This apparent discrepancy may be attributable to the difference in the degree of expression of the v-Crk mutants. In a previous study, we used an avian replicating retroviral system requiring helper viruses, which lead to a lower percentage of cells expressing nontransforming mutants than the WT, and the apparent expression levels of such mutants were decreased (7) . In the present study, we used a helper-free murine retroviral vector system by which one can easily obtain 100% infected cell populations expressing v-Crk mutants. This system enabled us to better compare the biological activities of each mutant at comparable expression levels. We found that only the v-Crk SH2 domain is responsible for the induction of tyrosine phosphorylation of cellular proteins. It also became evident that this phosphorylation is necessary but not sufficient for the complete cell transformation and that signal(s) from the SH3 domain also are required.
Activation of the PI3K͞AKT Pathway by v-Crk and Its Implication in
Transformation. Comparative analysis of the three well defined kinase (JNK, MAPK, and PI3K͞AKT) pathways highlighted the importance of the PI3K͞AKT pathway in v-Crk-induced transformation. Only the PI3K͞AKT pathway was constitutively activated in CEF transformed by WT v-Crk but not in CEF expressing the v-Crk SH2 or SH3 mutants. Moreover, we confirmed that a constitutively active mutant of PI3K transforms CEF and that LY294002, a PI3K inhibitor, significantly suppresses the v-Crkinduced transformation. Activation of the PI3K͞AKT pathway also Then, total cell lysates from these cells as well as from vector-transduced cells were subjected to immunoblot analysis with antibody specific for the phosphorylated form of AKT (P-AKT) (Upper) or with antibody to AKT that reacts with AKT irrespective of phosphorylation state (Lower) was observed in the v-Src-induced transformation of CEF, however, this transformation was suppressed only slightly by the treatment with LY294002 at the same concentration as that used in this study (29) . Therefore, v-Crk seems to be more dependent on the PI3K͞ AKT pathway for its transforming activity than is v-Src. Taken together with the identification of the p110 PI3K catalytic subunit as an oncogene of ASV16 avian sarcoma virus (27) and the recent demonstration of the transforming activity of a constitutively active Akt mutant in CEF (30), our results strongly suggest that the PI3K͞AKT pathway is a critical mediator of v-Crk-induced transformation of CEF. It is well established that the activation of the PI3K͞AKT pathway provides a survival signal in many circumstances such as growth factor stimulation and attachment to the extracellular matrix (23) . Thus, it is conceivable that v-Crk facilitates anchorage-independent growth by generating a survival signal through the constitutive activation of the PI3K͞AKT pathway. Indeed, we detected AKT phosphorylation in v-Crktransformed CEF even in suspension cultures (T.A. and H.H., unpublished data).
Although we previously reported the activation of the JNK pathway by v-Crk (18), we could not find any evidence for such activation in the present study. Because v-Crk-induced JNK activation was very subtle in CEF as compared with that in NIH 3T3 cells, even in the previous study, the difference in species may explain this discrepancy. However, the precise reason for the more prominent JNK activation reported in NIH 3T3 cells than that in CEF is not clear. This difference in JNK activation may bear some relation to the difference in the efficiency of v-Crk-induced transformation between these cell types. Whereas CEF can be very efficiently transformed by v-Crk (1), rodent fibroblasts are rather refractory and only a small portion of the rodent cells expressing v-Crk are transformed (16, 17) . By using the same retroviral vector system as that used in this study, we confirmed the inability of v-Crk to induce the transformation of rodent fibroblasts efficiently (data not shown). Therefore, it is possible that some unknown events in addition to v-Crk expression are involved in the transformation, of which the activation of the JNK pathway may be one.
A Possible Mechanism of PI3K Activation by v-Crk. Although we previously demonstrated that v-Crk is associated with active PI3K (26), the precise mechanism by which v-Crk activates the PI3K͞AKT pathway is not clear at present. Considering that activation of PI3K requires binding of the SH2 domains of the p85 regulatory subunit to tyrosine-phosphorylated motifs on growth factor receptors and other signaling molecules (31), it is conceivable that the SH2 domains of p85 bind to some signaling molecule that is tyrosine-phosphorylated by v-Crk. An interesting candidate for such a molecule is FAK. FAK binds through its phosphorylated Tyr-397 to the SH2 domains of the PI3K p85 subunit on integrin stimulation, and this interaction is supposed to play an important role in PI3K activation after integrin engagement (32) . We have evidence demonstrating that v-Crk induces phosphorylation of Tyr-397 of FAK (T.A. and H.H., unpublished data). Therefore, v-Crk might mimic the integrinstimulated PI3K activation by inducing an interaction between the PI3K p85 subunit and FAK. However, this binding of the p85 subunit to a tyrosine-phosphorylated signaling molecule seems to be insufficient for the activation of PI3K, because v-Crk SH3 mutants that are totally competent in inducing tyrosine phosphorylation still failed to activate the PI3K͞AKT pathway (Fig.  4A ). Some signal(s) from the SH3 domain also are likely to be required. In this context, it is intriguing that v-Crk SH3 binds to guanine nucleotide-releasing factors for some Ras family proteins such as C3G and mSOS (33, 34) , because Ras and R-Ras are reported to activate PI3K by binding to the p110 catalytic subunit (35) . PI3K might be cooperatively activated by the binding of a tyrosine-phosphorylated signaling molecule to the p85 regulatory subunit for which the v-Crk SH2 domain is responsible, and by the binding of active Ras or R-Ras to the p110 catalytic subunit for which the v-Crk SH3 domain is responsible. Consistent with this finding, we previously demonstrated that a dominant-negative mutant of Ras suppressed v-Crk-induced cell transformation (36) . Experiments to verify this hypothesis further remain to be performed.
We thank D. Boettiger, J. Fujisawa, Y. Fukui, and C. M. Stoltzfus for providing the reagents, and M. Fukuda for the technical assistance. This work was supported by the National Institutes of Health Grant R35CA44356 and by a grant-in-aid for Specially Promoted Research from the Ministry of Education, Science, Sports, and Culture of Japan, as well as a grant from The Mitsubishi Foundation. inhibitor. CEF expressing v-Crk WT were subjected to soft-agar colony formation assay with (ϩLY) or without (ϪLY) LY294002. LY294002 was included in top agar layer at 10 M final concentration, and 0.5 ml of medium containing the same final concentration of LY294002 was added onto the top agar every 4 days. We confirmed that long-term treatment with this concentration of LY294002 showed no apparent toxicity to CEF cultured in monolayer (data not shown). CEF transduced with vector without such treatment also were examined. At 3 weeks after plating, colonies were stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as described (37) and photographs of the stained colonies were taken. (ϫ1.)
